ABSTRACT This paper presents a novel nonlinear control approach for a medium density fiberboard continuous hot pressing hydraulic system. Uncertainties, disturbances, and input saturation are explicitly taken into account. The proposed controller incorporates a smooth function by using a hyperbolic tangent function to substitute for the saturation nonlinearity in the system. Moreover, a novel backstepping-like slab thickness tracking controller is developed for a third-order cascade system within two steps. Taking advantages of radial basis function neural network (RBFNN) technique, a RBFNN-based reconstruction law is introduced to approximate the composite term consisting unknown function, disturbances, and saturation error. Lyapunov stability analysis shows that the designed control algorithm guarantees the asymptotic stability of the system with great robustness. Numerical simulation results are also exhibited to authenticate and validate the benefits of the proposed control scheme.
I. INTRODUCTION
With the popularization of wood-based panels, the imbalance between supply and demand of timber resource has been improved rapidly. Among them, medium density fiberboard (MDF) is widely used in modern industrial production, owing to its favorable physical characteristics and excellent mechanical properties. To guarantee the quality and output of the MDF, hydraulic system plays a significant role for continuous hot pressing machine, which is the core component in the production line. According to the practical hot pressing process, gauge thickness is the key to obtain highquality MDF. Consequently, intensive research efforts should be made to address the precise thickness control problem for MDF continuous hot pressing hydraulic system. Nevertheless, input saturation and uncertainties in the hydraulic system have an undesirable impact on the thickness control performance. On one hand, input saturation is ubiquitous constraints in majority of actuators [1] . When the control input exceeds the upper of input voltage, the actuator action is invariable. Once the saturation phenomenon occurs, it may degrade transient performance and accuracy of the whole control system. What is worse, it probably gives rise to instability. On the other hand, because of high temperature and pressure, the system parameters such as oil bulk modulus, leakage coefficient and oil liquid density will vary with the time [2] , which may cause the parameter perturbations.
To overcome the input saturation, quantities of scholars have made great efforts over the past several decades. General speaking, the strategies include anti-windup [3] , model predictive control (MPC) [4] , constructing an auxiliary system [5] , [6] , smooth function to approximate saturation nonlinearity [7] . In [3] , a nonlinear dynamic inversion controller was augmented with an anti-windup compensator in order to enlarge the region of attraction in the subspace of the plant variables. An adaptive model predictive control scheme was proposed dealing with constrained nonlinear systems [4] . In addition, a Hurwitz-type design [5] and a piecewise-type design [6] were applied in each control systems to handle the input saturations, respectively. Particularly, due to discontinuous and non-differentiable characteristics of saturation function, combining the unique property of a hyperbolic tangent function with a Nussbaum function is a conductive way to deal with the above problem [7] .
For the preceding investigations, there are various kinds of methods to cope with uncertainties in hydraulic system. Two main approaches are adaptive robust control (ARC) [8] , [9] and sliding mode control (SMC) [2] , [10] - [12] . ARC combines the advantages of adaptive control and deterministic robust control. It is able to attenuate the influence of disturbances and nonlinearities and to achieve asymptotic output tracking in the presence of parametric uncertainties. However, it is complex to introduce many adaptive parameters. At the same time, it needs an assumption that the uncertainty is supposed to be linearly parameterized. Moreover, by virtue of the insensitiveness to parameter perturbations and external disturbances, SMC is a widespread and effective technique [13] . However, chattering problem is an inherent problem which has a bad effect on the control performance and consumes extra energy.
Noting that the hot pressing hydraulic system is a typical cascaded system which is usually three orders or higher, backstepping method provides useful control logic for it [14] - [16] . The unique advantage of backstepping is to introduce the synthetic control inputs into the controller design, dividing the entire system into n subsystems (where n is the system order). Hence, the design procedure is simplified obviously. Due to the flexibility, the backstepping technique can associate with aforementioned control methods. More importantly, it employs a systematic approach based on Lyapunov theory and guarantees the global stability of systems [17] .
Although the literatures mentioned above could tackle the input saturation or uncertainties in an explicit way, they cannot utilize one simple method to solve both of the problems. Fortunately, neural network has a universal approximation capability to nonlinear function [18] . In particular, radical basis function (RBF) has advantages of concise structure, fast response and powerful computing ability. It can be used to approximate the unknown function [19] as well as saturation nonlinearity [20] in many kinds of control systems. Simultaneously, RBF is incorporated into the backstepping method to further improve the robustness [21] and anti-saturation property [22] .
Motivated by the aforementioned works, a saturated control strategy via RBF network is presented for continuous hot pressing hydraulic system in this paper. Firstly, a smooth function based on the hyperbolic tangent function is applied to substitute a saturation function in the mathematical model. Meanwhile, the unknown function, the saturation error and the disturbances are merged into a composite term. Secondly, a novel backstepping-like slab thickness tracking controller is developed for the above system. Different from the traditional backstepping controller, we incorporate the concept of the equivalent control in SMC approach. Thus, the design procedure is simplified in two steps for the three order cascade system. In order to avoid the influence of the unknown function, the disturbance and input saturation on the slab thickness precision, a RBF neural network is introduce to approximate the composite term. Moreover, the approximation results is feedback to the control law. Finally, the convergence of tracking error and the asymptotic stability of system are strictly proved according to Lyapunov stability theory.
The contribution can be summarized as follows:
(1) Taking the advantage of RBFNN technique, the problem of the unknown function, the disturbance and input saturation in the continuous hot pressing hydraulic system is addressed effectively. Hence, the MDF slab thickness precision is guaranteed.
(2) Another advantage of the proposed controller is that compared with the traditional backstepping procedure, the proposed method introduces the conception of equivalent control to simplify the controller design in two steps. Consequently, it is convenient for the strategy to implement into practical engineering.
The organization of the rest paper is as follows: The preliminaries are given in Section 2, including description of continuous hot pressing hydraulic system and principles of the RBF neural network. In Section 3, a slab thickness tracking controller is established with the novel backstepping-like method and the RBF neural network technique. The stability analysis is presented in Section 4. Simulation results are performed to demonstrate the effectiveness of the proposed strategy in Section 5. The paper is concluded in Section 6.
II. PRELIMINARIES A. DESCRIPTION OF CONTINUOUS HOT PRESSING HYDRAULIC SYSTEM
A MDF continuous hot pressing thickness control system mainly adopts electro-hydraulic servo system, shown in Fig. 1 . MDF continuous hot press has two control types, i.e. the pressure control and the position control. In this paper, the position control is studied. The objective of controller is tracking the desired position reference signal to realize a precise gauge control of MDF slab thickness. Three basic equations of a four-way valve controlled hydraulic cylinder power mechanism are given as follow
where, Q L is load flow, c d is slide valve flow coefficient, ω is the slide valve area gradient, ρ is liquid density, p s is oil supply pressure, p L is load pressure, x v represents the displacement of valve core, A is the effective area of piston, y represents piston displacement, C tc is the total leakage coefficient, V t is oil cylinder volume, β e is the elastic modulus of oil, m is load gross mass, B c is viscous damping coefficient, K is load spring stiffness, F represents the external load, u represents the output voltage of the controller. The servo amplifier is equivalent to proportion, and the link between input current of servo valve and displacement of valve spool is also proportional, hence they can be described as:
where K sv is servo valve gain, K a is servo amplifier gain, i is input current of servo valve and u is output of the controller. From (1) and (2), the MDF electro-hydraulic position servo system model can be written aṡ
where x 1 = y represents displacement of hydraulic cylinder piston motion, x 2 =ẏ represents its speed,
and g(x vl ) = a 4 f (x vl ) are smooth functions, where
As mentioned above, due to the existence of high temperature and pressure, the system parameters a i (i = 1, 2, 3) are hardly to acquire. Thus, the smooth function f (x) is unknown. In addition, the steam pressure in the slab may cause the disturbance d to the system (3).
Besides, as a result of hydraulic actuator limitation, control input u is constraint. Hence, the input saturation is emerged in the system. The third equation of system mathematical model is described asẋ
The saturation function sat(v) is defined as
where u M is a bound of u.
FIGURE 2. Saturation function and smooth function.
The saturation function is illustrated in Fig. 2 . It should be paid attention that there exists a sharp corner v(t) = u M , denoting non-smooth at this point. Hence, the backstepping technique and RBF neural network cannot be applied in theory.
Inspired by [7] , a smooth function based on a hyperbolic Tangent function, as shown in Fig. 2 , is used to substitute for the saturation (5). It is defined as
Then a saturation error is designed as
The equation (4) can be deduced aṡ
Therefore, the system model (3) is rewritten as
where the composite term = f (x) + g(x vl ) v + d is approximated by a RBF neural network.
B. THE RBF NEURAL NETWORK AND FUNCTION APPROXIMATION
For unknown functions, NNs technology is an effective tool to emulate arbitrary unknown terms with arbitrary precision due to its intrinsic approximation capabilities. In engineering, the RBF neural network is a good candidate to approximate unknown structure functions. For example, as shown in Fig. 3 , a continuous-time function F c (x) can be approximated by utilizing the RBF neural network:
Where X ∈ X ⊂ R q is the input vector,
∈ R N is the weight vector, N represents the neural network code number, S(X ) = [s 1 (X ), s 2 (X ), . . . , s n (X )] with the Gaussian function s i (·) as
where
is the center of the receptive field and η i is the width of the receptive field. According to Universal Approximation Theorem, for any continuous function f (X ) : X → R, where X ⊂ R is a compact set, and the neural network approximation (10), there exists a ideal constant weight vector W * such that
III. CONTROLLER DESIGN
In this section, a slab thickness tracking controller via the RBFNN technique is developed. The configuration is shown in Fig. 4 . The design procedure is divided into two steps.
In the first step, we define a novel surface, incorporating the concept of equivalent control in SMC approach. Like the conventional backstepping, a virtual control input is designed. In the second step, a RBFNN is introduced to approximate the above defined composite term. Considering the existence of constant ε, a continuous switch term is used to eliminate it. Simultaneously, the weight vector W * is unknown, an adaptive law is given to estimate it.
Step 1: Define the tracking error
where y d is the desired position reference signal, and existṡ y d ,ÿ d and y d . Different from the conventional backstepping method, a novel surface based on the concept of equivalent control in SMC approach, is defined as follows:
Differentiating (14) with respect to time yieldṡ
where k 1 is a positive designed parameter, anḋ
Substituting (17) into (16) haṡ
Treat x 3 as the control input of the third subsystem of (3). Then, a virtual control input is designed as
where k 2 is a positive designed parameter.
Step 2: Define the other tracking error as
Differentiating (20) with respect to time yieldṡ
By a RBF neural network,
Substituting (22) into (21) haṡ
Thus, the control law can be designed as
where k 3 is a positive designed parameter,Ŵ is the estimated value of W * ,ẋ isẋ
To estimate the W * , the adaptive law is designed aṡ
where λ is a positive designed adaptive parameter. 
IV. STABILITY ANALYSES
Before the stability analysis of the closed-loop system, the weight vector is defined as
Differentiating (27) with respect to time yieldṡ
Theorem 1: For system (9) , under the RBF neural network (22) , the control law (24) and the adaptive law (22) , there exists the proper control parameters and an adaptive parameter to guarantee that the closed-loop system is globally asymptotically stable.
Proof: The control Lyapunov function of system (9) is defined as
Differentiating (29) with respect to time yieldṡ
Substituting (19), (20), (22), (24), (28) into (30) haṡ
Therefore, the closed-loop system is globally asymptotically stable, according to (31).
V. SIMULATION ANALYSES
Considering the practical continuous hot pressing process in the fixing-thickness phase the nominal value of system parameters are given as follows:
The assumptions in the numerical simulation are given as follows:
(1) Initial states in system (9) are
(2) The external load force is F = 54780 + 4000 sin(4πt). Case 1: To validate the robustness of the proposed controller, the parameters are chosen as:
(1) The Backstepping-like tracking controller parameters are k 1 = 100, k 2 = 80 and k 3 = 120.
(2) The structure of the RBF neural network is 3 − 9 − 1 where three inputs are [x 1 , x 2 , In order to illustrate the superiority, we compared the proposed controller with the conventional backstepping method Simulation results are shown in Fig. 5 to Fig. 8 . From Fig. 5 , it is found that the proposed controller has strong robustness by introducing the RBF neural network. Meanwhile, it converges faster than that of the PID controller and conventional backstepping controller. Fig. 6 shows the tracking error of above three strategies. The proposed controller owns less steady-state error. In Fig. 7 , the favorable approximation capability of the RBF neural network is demonstrated. Choosing appropriate Gaussian function centers and neuron number, the unknown system function is approximated accurately. We may see that approximation error converge to a neighborhood of zero rapidly which is conducive to attenuate the influence of the unknown function and disturbance. In Fig. 8 , the control inputs of above three controllers are provided.
Case 2: Verify the anti-saturation ability of the proposed controller.
In this case, the structure of the RBF neural network is 4 − 9 − 1. Particularly, it needs four inputs [
], (i = 1, 2, 3, 4) and its width is η i = 40, (i = 1, 2, 3, 4). We assume that the upper bound of v is u M = 6V. Fig. 9 is the control input curves in the condition of the different position reference signals, it is found that the control input voltage rises as the value of position reference signals increasing. However, the amplitude of the hydraulic system actuator is unable to rise up any more, when it reaches the physical limitation. Obviously in Fig. 10 , the existence of input saturation in the MDF continuous hot pressing hydraulic has an undesirable impact on the tracking precision and convergence time. What's worse, overshooting phenomenon emerges. The overshooting could decrease the MDF quality and output in some degree. In contrast, the proposed controller has the advantages of higher convergence rate and non-overshooting which manifest good transient control performance. Fig. 11 is also authenticates that the RBF neural network approximates the composite term precisely and is effective to suppress the bad effect of input saturation and uncertainties in the system. The control input curves are also provided in Fig. 12 . The control input with the presented method is continuous differential by the smooth function to handle the saturation. The magnitude of the control input is smaller than that with the traditional one. In this sense, the composite controller consumes lower power energy. Therefore, it can be concluded that the proposed controller is not only robust against system uncertainties and external disturbances, but is also able to accommodate actuator failures under control input constraints.
VI. CONCLUSION
In this paper, a novel nonlinear control approach is proposed for a MDF continuous hot pressing hydraulic system with uncertainties, disturbances and input saturation. We utilize the concept of equivalent control in SMC approach to construct a novel surface to simplify the conventional backstepping design procedure. A RBFNN is employed to learn the behavior of the uncertain nonlinear functions so that the negative influence of uncertainties and input saturation is avoided. Simulation results further validate the advantages of the proposed controller, such as short convergence time, high control precision and smooth control input, which can enable the MDF slab to achieve a satisfactory thickness precision. As a future work, experimental study including designing testbed and testing the proposed algorithm should be carried out.
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